T yphoon Haiyan affected more than 16 million people, killed 6,293 people, and destroyed more than 1.1 million dwellings in the central Philippines (NDRRMC 2014) . Haiyan is the deadliest typhoon recorded in the Philippines, superseding Tropical Storm Thelma, which struck Ormoc City on the western coast of Leyte Island, in November 1991 (Alojado and Padua 2010; Bacani 2013; Ribera et al. 2008) . Globally, Typhoon Haiyan was the deadliest cyclonic event since Cyclone Nargis devastated Myanmar in 2008 (Fritz et al. 2009 ). The damage to infrastructure and agriculture cost about PHP $40 billion or about USD $900 million (NDRRMC 2014) , while the total economic loss reached up to USD 13 billion (Caulderwood 2014) . The damage and the death toll from Typhoon Haiyan were particularly high along the coasts surrounding San Pedro Bay on the northwestern margin of the Leyte Gulf primarily due to the storm surge generated by the typhoon. The shallow bathymetry of less than 10-m depth and funnel shape make the coasts of San Pedro Bay inherently susceptible to storm surge ( Fig. 1, inset) . Additional factors that contributed to local amplification of the storm surge in Leyte Gulf were the orientation of the typhoon track and associated seiches (Mori et al. 2014) . Eyewitnesses described the Haiyan storm surge as dramatically worse than any coastal flooding events in recent years (Amadore 2013) . Longer historical records, however, reveal a comparable predecessor to Typhoon Haiyan (Algué 1898) . In October 1897, an unnamed typhoon, which for brevity will be henceforth referred to as Ty 1897, took a path across Leyte Gulf that was almost parallel to Typhoon Haiyan's but offset to the north by ~6 km (Fig. 1) . The similar track enables direct comparisons of the two typhoons and the storm surges. Here, we first characterize the destructiveness of Typhoon Haiyan before considering the importance of the 1897 predecessor in understanding storm surge hazard in the region.
TYPHOON HAIYAN.
On 2 November 2013, a broad low pressure area formed in the western Pacific, to the east of Micronesia (Joint Typhoon Warning Center 2014) . By 0600 UTC 3 November, it had developed into a tropical depression. At 0000 UTC 4 November, the system had attained tropical storm strength and was named Haiyan. It rapidly strengthened into a typhoon and moved west toward the Philippines (Fig. 1) , and it was given the local name of Yolanda (NDRRMC 2013a) . By 6 November, Haiyan's 1-min maximum sustained winds had intensified to an estimated 241 km h -1 , classified by the Joint Typhoon Warning Center (JTWC) as a super typhoon. To avoid ambiguity in the definition of "super typhoon," we will conform to the traditional classification of tropical cyclones (World Meteorological Organization 2015) in the Pacific region with "typhoon."
On it s f i na l nor t hwest wa rd approach to the Philippines, Haiyan steadily intensified until it reached the peak intensity of ~895 hPa minimum central pressure. This peak intensity was estimated by the JTWC and the Japan Meteorological Agency (JMA) from cloud patterns recognized on visible and infrared satellite images, in the absence of ground and in situ instruments. In Guiuan municipality on Samar Island, Doppler radar data of the Philippine Atmospheric, Geophysic a l a nd A st ronom ic a l Services Administration (PAGASA) indicated that just before landfa ll, at 2000 UTC 7 November [0400 Philippine Time (PHT) 8 November], Haiyan attained a minimum central pressure of 910 hPa and winds at 160 km h -1 with gusts of ~195 km h -1 (Paciente 2014) . Extreme winds destroyed the Guiuan Doppler radar station about 16 min later. At 2040 UTC 7 November (0440 PHT 8 November), Haiyan crossed the small islands off the southeast tip of Samar Island, near Guiuan. Haiyan then continued westward across the Leyte Gulf to its main landfall south of Tolosa, Leyte Island, at 2300 UTC 7 November (0700 PHT 8 November), as captured by another PAGASA Doppler radar station in Cebu. Typhoon Haiyan then made four subsequent landfalls as it crossed the central Philippines (NDRRMC 2013b).
MATERIAL AND METHODS.
We evaluated eyewitness accounts, video recordings, field measurements, and storm surge model hydrographs to document the flow depths, surge heights, timing, and peak flood duration during Typhoon Haiyan as well as the resulting damage. Other post-Haiyan field survey reports focused on the inundation characteristics and the impact on coastal structures (Mas et al. 2015; Tajima et al. 2014) . Here, we place Typhoon Haiyan's storm surge into historical context by comparing it with the similar Ty 1897 event (Algué 1898) .
Field survey. The initial field survey of the coastal areas surrounding San Pedro Bay was conducted from 23 to 28 November 2013, as soon as relief operations and the security situation permitted access to the hardest hit areas. We recorded 73 eyewitness accounts (Table ES1 ; more information can be found online at http://dx.doi.org/10.1175/BAMS-D-14-00245.2) on the maximum flow depth, the timing of the initial rise, and peak and subsidence of the flood, along with wind and wave observations. Collected data were used to validate the timing and heights simulated by our storm surge models. Subsequent surveys from 16 to 25 January, 12 to 19 May, and 2 to 10 June 2014 encompassed larger and more remote areas, including coasta l set t lements i n southern Samar facing the Ley te Gulf and the Philippine Sea of the western Pacific ( Fig. 2 ; Table 1 ). To record distances and build cross-shore elevation profiles from the water surface at the shoreline to the inundation limit, water marks were located and measured with a Trimble global positioning system (GPS) rover connected via Bluetooth to a Lasercraft XLRic laser range finder (Fritz et al. 2012) . At each site, high water marks such as mud lines on buildings, scars on the bark of trees, and rafted debris were evaluated using established protocols (Fritz et al. 2007; UNESCO 2014) . In inhabited areas, the water marks were discussed with eyewitnesses to constrain still water levels, estimate the contribution of storm waves, and remove bias from localized splashup atop the surge. The high water measurements, based on different indicators at corresponding locations, tended to be consistent and have an individual confidence of ±0.1 m. During post-survey processing, the measurements were differentially corrected with our daily setup of the local Ashtech base station and corrected for tide level at the time of peak storm surge on the basis of tide predictions provided by XTide 2, an open-source software of Flater (1998) . How the Ty 1897 storm surge heights were measured remains unknown, but it is highly likely that surge heights (Fig. 3a) . The bathymetry of the model domain was acquired from digitized navigational charts (National Mapping and Resource Information Authority 1980). The maximum depths are found near the Leyte Gulf mouth, and the embayment shallows northward toward the San Juanico Strait (Fig. 3b) . Open boundary conditions are astronomic tides using eight dominant constituents (M 2 , S 2 , N 2 , K 2 , K 1 , O 1 , P 1 , and Q 1 ) extracted and interpolated from the Ocean Topography Experiment (TOPEX7.2) global tidal model (Egbert and Erofeeva 2002) using the Dashboard tide database toolbox. The tidal pattern in San Juanico Strait interacting with the Samar Sea differs from the tidal pattern at Guiuan station driven by the Philippine Sea (Fig. 3c) . The complex tidal interaction highlights the need for accurate bathymetry of Leyte Gulf and San Juanico Strait to properly simulate the tides in Tacloban.
Typhoon wind fields for the modeling were generated from the typhoon track data of the JTWC. We recognize an approximately 6-km offset between the JTWC typhoon track from the Doppler radar-derived track from PAGASA ( Fig. 1, inset) , but JTWC provides more continuous along-track wind data, required in the model. The model wind along-track minimum central pressures and maximum winds. This requirement limited us to use only the data recorded in areas directly hit by the eye of Ty 1897: the in situ barometric pressures measured at Guiuan and Tanauan. Apart from these two locations, no instrumental record on the typhoon eye exists. The minimum pressures before landfall in Guiuan and after landfall in Tanauan were estimated considering the values for Ty 1897 and Typhoon Haiyan. Barometric records in Guiuan and Tanauan indicate a less intense Ty 1897 at landfall than Typhoon Haiyan. To account for the weaker intensity of Ty 1897, we took the pressure difference between Typhoon Haiyan and Ty 1897 in Guiuan and in Tanauan, and the delta values were then subtracted from the Typhoon Haiyan pressure values.
Given the barometric records of Ty 1897 in Guiuan and Tanauan, a range of wind speed values were derived from empirical wind-pressure relationships using the storm-mapping table summarized by Nakazawa and Hoshino (2009) for the western North Pacific region (Table 2 ). Due to the limited instrumental data on Ty 1897 we opted to use in our model the wind speed values derived from Atkinson and Holliday (1977) , which is the most direct method among the wind-pressure relationship equations. Knaff and Zehr (2007) emphasized the uncertainties inherent in the regression method of Atkinson and Holliday (1977) (Figs. 1, 2 ) was files were generated by the Delft Dashboard tropical cyclone toolbox using the model by Holland (1980) and interpolated onto the computational grid. The model was initialized by wind and tide conditions at 0000 UTC 5 November 2013 and allowed to run until 2400 UTC 11 November 2013. Sea level and current outputs were saved at 1-min intervals between 1900 UTC 7 November and 0600 UTC 8 November. An earlier model of Bricker et al. (2014) used the same Delft3D software with JMA wind data forcing and a Quiring's relationship of maximum wind radius. Their model yielded a maximum water level of less than 6 m in Tacloban.
Storm surge modeling of Ty 1897. To model the likely storm surge generated by Ty 1897, we used the same grid and boundary forcing conditions of Typhoon Haiyan, but with tides simulated from 10 to 12 October 1897. Algué (1898) reported pressures and winds recorded in various parts of the Philippines during Ty 1897, but the Dashboard typhoon module requires adopted from Algué (1898) based on the synthesis report containing maps and compilation of barometric curves. Instrumental records for the historical Ty 1897 came from modified aneroid barometers established by Jesuit priests on land (at churches) and at sea (on ships) in different locations of the Philippine Archipelago. The observed pressure, wind direction, and temperature were used to establish the distance and direction of the vortex (eye) of the typhoon from the observer (Algué 1904; Udías 1996 ). Algué's map was georeferenced to a regional map derived from a 90 m × 90 m resolution satellite radar image, and then the typhoon track was digitized. Given the different resolutions between Algué's map and the regional map, we expect that the digitized track has uncertainties of ~1 km in the north-south direction and ~2 km in the east-west direction.
Upon evaluating the pressure and wind observations, Algué (1898) estimated the landfall timing and the forward speed of Ty 1897 between Guiuan and Tanauan. Ty 1897 made its initial landfall ~10 km south of Guiuan shortly after 0800 PHT 12 October 1897 (0000 UTC 12 October). At landfall, the barometer in Guiuan registered the lowest pressure at 710 mm (947 hPa), simultaneous with the observed relatively calm winds. The relatively calm wind condition indicates an eye passage in close proximity but not directly over the recording site. As such, the Guiuan dataset should be considered only as a nearminimum value. The typhoon continued westward almost following along the northern coastline of Leyte Gulf. At about 1100 PHT 12 October 1897 (0300 UTC 12 October) the eye of the typhoon was about 21 km north-northeast (NNE) of Dulag, and 13 km southsoutheast (SSE) of Tacloban, before it made a second landfall in Tanuan shortly after 1100 PHT. At landfall, the barometer in Tanauan registered the lowest pressure of 704 mm equivalent to 938 hPa, but after further analysis was lowered to 694 mm equivalent to 925 hPa (Algué 1898 (Algué , 1904 . Simultaneous with the lowest pressure was an absolute calm wind lasting for about 40 min. To the north, the adjacent town of Palo also experienced the zone of absolute calm but only for 10 min. The longer duration of absolute calm in Tanauan compared to Palo suggests that Tanauan was located closer to the center of the typhoon's eye. In a span of 2.5 h, Ty 1897 traversed about 43 geographical miles (~80 km) between Guiuan and Tanuan, equivalent to a forward speed of about 17 mi h -1 or 28 km h -1 (Algué 1898, p. 66) . According to Algué's map, Ty 1897 made subsequent landfalls on three islands across the central Philippines before it exited into the South China Sea.
The Jesuits ground-based method of instrumental recording and monitoring of typhoons to establish the track and intensity prevailed for many decades (Udías 1996) until it was replaced by reconnaissance aircraft, radar, and satellite observations toward the midtwentieth century (Emanuel 2005b; Velden et al. 2006) . Today, weather services combine instrumental recordings with satellite-based observations of the cloud patterns in visible and infrared satellite images to establish a central location of a typhoon and to estimate typhoon intensities. At the forefront of this satellite-based method of tropical cyclone intensity was Dvorak (1975) . The Dvorak method originally )] (Koba 1990) 85 (157) 93 (172) 100 (185) a The relatively calm wind condition recorded in Guiuan indicates that the eye passed close but not directly over the recording site. As such the Guiuan dataset should be considered a near-minimum value.
developed for Atlantic conditions has been adopted and applied to other ocean basins that have different atmospheric conditions like the Pacific (e.g., Velden et al. 2006; Knaff and Zehr 2007; Lander et al. 2014) . Unfortunately, there is no unified operational method among weather agencies for tracking and assigning typhoon intensities, and as such, the reported track and intensity of one storm are commonly variable. This was the case with Typhoon Haiyan, where the tracks across Leyte Gulf released by JMA and JTWC are consistently offset ~6 km to the south of the PAGASA Doppler radar-based track. The PAGASA track, however, appears more consistent with the local field observation and ground truthing (Morgerman 2014) . We note that based on the PAGASA typhoon track, Typhoon Haiyan moved from Guiuan westward to Tolosa at about 43 km h -1 or about 1.5 times faster than Ty 1897.
Typhoon intensity and size. The wide range of instrumental recording through history and the variety of operational wind-pressure relationships among meteorological agencies make typhoon intensity classification based on the maximum wind speed inherently uncertain (Knaff and Zehr 2007; Nakazawa and Hoshino 2009) . To address the issues arising from the wind speed-derived typhoon intensity, and Kruk et al. (2011) proposed the use of current intensity (CI) in comparing typhoons, particularly in establishing trends of tropical typhoon intensities. Kruk et al. (2011) recognized that because of the imagery interpretation of contemporary typhoons, the satellite-derived intensity T number when converted to CI could result in intensity differences of 0.5 on the CI scale. Meanwhile, the primary sources of uncertainty for the pressure-derived intensity of historical typhoons such as Ty 1897 arise from the sparse recordings and possible instrumental errors. The historic correction of ~13 hPa applied to the minimum pressure of Ty 1897 on the Tanauan barometer record may give some indication of the magnitude of instrumental errors. For intense typhoons like Ty 1897, the historic correction corresponds to a difference of 0.5 on the CI scale, which is of similar magnitude as the uncertainty of satellite-derived CI. Hence, the corresponding CI numbers for Ty 1897 and Typhoon Haiyan may provide a reasonable metric to compare the intensity between these two typhoons.
As discussed previously, the observed lowest pressure and absolute calm wind of Ty 1897 consistently indicate that the typhoon eye passed directly over Tanauan. Taking the minimum pressure of 925 hPa as the closest approximation of the central minimum pressure, Ty 1897 was assigned an equivalent CI number of 6-7 upon landfall. For Typhoon Haiyan, ground instruments only recorded nearminimum pressures. The Doppler radar in Guiuan registered a mean sea level pressure of ~940 hPa before it was totally destroyed at the peak intensity of the typhoon (IRIDeS 2014). Independent measurements of PAGASA and Morgerman (2014) indicate lowest pressure at 960 hPa in Tacloban City, which was located on the northern eyewall of the typhoon, 24 km away from Typhoon Haiyan's center. In contrast, using the satellite-based Dvorak technique Typhoon Haiyan has a signature typhoon number of T8.0 (Lander et al. 2014) , which corresponds to a CI number of 8, the highest on the scale. As such, the CI 8 Typhoon Haiyan was more intense than the CI 6 to 7 of Ty 1897.
Not only was Typhoon Haiyan more intense, it was also larger than Ty 1897 based on the eyewall size. Morgerman (2014) corroborated the eye of Typhoon Haiyan based on wind observations of eyewitnesses and a radar image, indicating a 13-km radius of the eyewall. In contrast, the Jesuit approach based on the zones of absolute and relative calm winds as indicators of the relative location of the typhoon eye results in an eyewall radius of 6-10 km for Ty 1897.
Given the contrasting operational methods between 1897 and 2013, it remains difficult to directly compare Typhoon Haiyan and Ty 1897 with absolute certainty. The available meteorological parameters, however, suggest that Typhoon Haiyan and Ty 1897 were nearly identical based on the trajectory, while characteristic differences prevailed concerning other aspects. Typhoon Haiyan followed a parallel track direction with a ~6-km offset to the south of Ty 1897. Typhoon Haiyan was more intense, had wider eyewall coverage, and was moving faster than Ty 1897. The possible effects of the slight variations in track, minimum central pressure, estimated maximum winds, and forward movement between the two typhoons on the storm surge characteristics will be explored in the following sections.
TYPHOON 1897 AND TYPHOON HAIYAN STORM SURGES. Posttyphoon field measurements.
The Ty 1897 storm surge measurements of Algué (1898) were based on eyewitness accounts (Fig. 2) . These field measurements indicate inundation heights exceeding 4 m in most places with a maximum height of over 7 m on the open sea coast at Hernani (Fig. 2c) . Along San Pedro Bay in Basey (Fig. 2b) , the water gradually rose and reached a maximum level of 4.9 m. The peak flooding corresponded with the most violent winds from the southeast. In the nearby coast of Tacloban (Fig. 2a) , water rose between 3.9 and 4.6 m. The peak flooding coincided with the winds blowing from the east to east-southeast, directly perpendicular to the Tacloban coast. In close proximity to the eye of Ty 1897 at Tanauan and Tolosa (Fig. 2a) , the water rose to 3 m.
Algué's "Ola del Huracán" or hurricane wave was the elevation of the sea, with the surface forming like a warp pyramid whose peak approximately corresponds to the vortex (eye) of the typhoon, analogous to the water surface being sucked by a vacuum pump (Algué 1898, p. 9) . Moving with the typhoon, this huge wave, when launched against the shore, makes the water rise to an extraordinary height, causing severe flooding and extensive destruction (Algué 1898, p. 10) . We interpret this description as equivalent to what we now call "storm surge." Algué overestimated the contribution of the pressure drop over the wind field as the primary contributor to the significant rise of the sea surface because of the different locations of the eye and the areas where water elevations were highest. The sea rose to about 3 m in Guiuan and Tanauan, but the rise was highest at Hernani, Basey, and Tacloban on the typhoon's strong side to the north of the typhoon eye. The peak flooding during Ty 1897 at each of these sites consistently coincided with winds blowing directly perpendicular toward the coastline. Contrary to Algué's attribution of the surge solely to the low central pressure, the wind field was the primary driver of the storm surge (Emanuel 2005a) .
The measured high water marks after Typhoon Haiyan (Fig. 2) were separately classified into maximum surge heights and surge plus storm waves. For a wider and denser spatial coverage, we combined our field measurements with the survey of Tajima et al. (2014) . In both surveys, each high water mark indicator was referenced to the reconstructed tide level at the time of peak flooding. Heights differed by as much as 1 m at slightly different locations. Discrepancies of up to 2 m at corresponding locations were attributed to short-period storm waves superimposed on top of the surge. High water marks with significant storm-wave contributions were carefully identified based on eyewitness accounts, the type of physical watermark, and the inland location. Surge height measurements from different high water mark indicators in both surveys were mostly consistent.
At Tacloban, located some 23 km to the north of Haiyan's track (Fig. 2a) , the characteristic height of the storm surge peak was 7 m. Wave contributions raised high water marks up to almost 8 m in Tacloban and Palo. On the more open and exposed Pacific coastline at Hernani (Fig. 2c) , some 45 km north of the typhoon track, significant storm-wave contributions resulted in high water marks exceeding 7 m. Further amplification by the wave run-up on steep slopes such as near Guiuan resulted in a maximum run-up height of 14 m (Tajima et al. 2014) . Surge heights exceeding 5 m were recorded along the shores of San Pedro Bay. We detail the nature of the storm surge in San Pedro Bay, where the highest death toll was recorded, in the next section. Outside of San Pedro Bay, but still within Leyte Gulf, the surge heights were only 3-4 m between Marabut and Quinapondan (Fig. 2b) because the storm track was parallel to the coastline. Water marks as high as 5 m were attributed to storm-wave contributions. In close proximity to Haiyan's landfall location between Tolosa and Dulag, the surge heights ranged between 3 and 5 m (Fig. 2a) . At an exceptional site in Dulag, a 7-m-high water mark was compromised by significant storm-wave contribution. The lowest surge height of about 2 m was recorded at General MacArthur on the eastern coast of Samar (Fig. 2c) . The site is sheltered behind fringing coral reefs located 3 km offshore and is on a bay with a narrow bottleneck entrance attenuating storm waves and resulting in a measurement dominated by the storm surge component.
Storm surge simulations of Typhoon Haiyan and Ty 1897
in San Pedro Bay. The Haiyan storm surge modeling results resolved an initial sea level drawdown around 2130 UTC 7 November 2013 (0530 PHT 8 November) in accordance with eyewitness accounts and the Tacloban tide gauge recording (Fig. 4) . The tide gauge recorded a drawdown of at least 0.8 m before it broke down, 2 while modeling suggests a drawdown of at least 1.2 m at the head of San Pedro Bay (Figs. 4a,b) . The initial sea level drawdown was also observed at Basey on Samar (Amadore 2013) . The drawdown was generated by persistent, strong, northerly offshore winds that initially drove the waters southward out of San Pedro Bay (Figs. 4a,b) . Similar sea level drawdowns or negative surges from strong offshore winds during historic hurricanes have also been reported for the western Florida coasts (Harris 1963; Lawrence and Cobb 2005) . The drawdown exposed the seafloor and dramatically steepened the storm tide profile. This phenomenon is analogous to the negative leading N-wave during tsunamis, usually resulting in a higher run-up (Tadepalli and Synolakis 1994) . Eyewitness accounts and modeling show that the storm tide arrived as an unusually fast-moving "tsunami like" wave front, which caused high velocity coastal flooding to heights of more than 7 m near Tacloban and Basey. Residents in Basey, who stayed in their homes despite prior evacuation warnings, described a large wave similar to a tsunami striking soon after the water receded, providing only a few minutes of lead time to seek refuge at higher elevations.
The initial rise, peak, and lowering of flood levels due to the storm surge varied considerably in time and location. In downtown Tacloban, the peak surge occurred around 0000 UTC 8 November (0800 PHT 8 November), according to videos recorded by several eyewitnesses and the detailed coverage by storm chaser Morgerman (2014) . The inundation timing was further confirmed by two wall clocks located about 14 km apart along the western shores of San Pedro Bay, which were stopped as seawater floods reached about 1.5-2 m high. In Tanauan, the clock stopped at 0720 PHT (2320 UTC 7 November); the clock in Tacloban City stopped a few minutes later at 0730 PHT (2330 UTC 7 November). The timing from the videos and wall clocks is consistent with the storm surge model. The modeled timing of the peak surge coincided with the timing of the onshore-directed winds closely linked to the forward motion of Typhoon Haiyan (Figs. 4c-g ). The modeled peak surge of 6-8 m in San Pedro Bay occurred between 0000 and 0030 UTC (0800 and 0830 PHT) 8 November, arrived earlier along the eastern shores at the entrance of the bay, and propagated northward to the bay head. It is likely that several eyewitnesses in Dulag observed the front of the storm surge. During the passage of the eye (calm winds), eyewitnesses saw an offshore "wall of water" about 6 m high that first was moving west toward Dulag but then suddenly redirected north toward Tacloban. The peak surge lasted for at least 30 min, and then just before 0100 UTC (0900 PHT) 8 November, the water subsided (Figs. 4h-i) .
In addition, the modeled water level in Fig. 4 shows three apparent peaks corresponding to points C, G, and after point I. The peaks may coincide with the three "waves" reported by eyewitnesses (Amadore 2013; Morgerman 2014) , although the timing could not be verified since the eyewitnesses did not track the timing of the three waves. In the open sea coast of Hernani, accounts of the storm surge coming in three waves also exist. The video footage from Hernani showed the building collapsing with the impact of the second wave, which corresponds to the highest and steepest peak in the storm surge model in San Pedro Bay.
The storm surge simulation of Ty 1897 (Fig. 5 ) showed water levels and peak surge timing that are consistent with Algué's report (see the supplemental information online at http://dx.doi.org/10.1175 / B A M S -D -14 -0 0 24 5 . 2). I n B a s e y, nor t hnortheasterly offshore winds forced the water to recede (Fig. 5a) . The initial rise of the surge occurred with the east-southeasterly winds (Fig. 5b) , whereas south-southeasterly winds caused the peak surge in Tacloban and Basey (Figs. 5c,d) . On the contrary, in Tolosa the model did not absolutely replicate the actual surge height. Algué reported surge height of ~3 m, but the model yielded 2 m. The discrepancy can be attributed to various factors including changes in nearshore bathymetry, storm-wave contribution, and uncertainties in the Ty 1897 typhoon parameters. For the most part of San Pedro Bay, the modeled surges indicate that Ty 1897 generated lower surge heights than Typhoon Haiyan (Fig. 6) , which is consistent with the field measurements for both storm surge events. The magnitude difference of the modeled surge heights between the two typhoons (Fig. 7) is also consistent with the magnitude difference of the measured water levels in both posttyphoon surveys.
I M P L I C AT I O N S F O R D I S A S T E R MANAGEMENT.
Understanding the local storm surge hazard. The complex interactions among several factors including typhoon intensity represented by the lowest pressure and maximum wind speed, forward movement of the typhoon, storm size, bathymetry, coastline shape, and tidal phase result in varying storm surge height and flooding duration for any storm (e.g., Emanuel 2005a; Irish et al. 2008; Needham and Keim 2014) . Given the similar areas impacted by the storm surges of Ty 1897 and Typhoon Haiyan, the coastal geomorphology is assumed to be relatively constant for these two events. Lander et al. (2014) estimated a 20-cm sea level rise between 1970 and 2013, which likely did not contribute significantly to the impact of the storm surge from Typhoon Haiyan. The effect of sea level rise on the tidal phases of Ty 1897 and Typhoon Haiyan is beyond the scope of this study. We focused on differences in typhoon characteristics including track, intensity, size, and forward movement and their possible effect on the storm surge characteristics.
Despite the atmospheric differences between Ty 1897 and Typhoon Haiyan, the resulting two storm surges share notable similarities dictated by the local coastal configuration (Fig. 2) . At exposed locations like Hernani, both typhoons generated peak surges exceeding 7 m with significant storm-wave contributions superimposed on top of the surge. In stark contrast, sheltered locations such as General MacArthur experienced the lowest flood levels with 2-m peak surges. Another similarity in both typhoons was the water receding off Basey in San Pedro Bay prior to the peak surge. Based on the historical accounts a nd ou r s i mu l at ion s , t he 1.2-k m-wide strait separating Jinamoc Island from Basey can be exposed as the water recedes prior to the peak surge given the shallow-water depth of ~1.5 m under normal conditions. In both typhoons, the surge in San Pedro Bay initially rose just before the typhoon made landfall on Leyte Island with easterly onshore winds. The surge then peaked with the southeasterly onshore winds as the typhoon eye moved west toward the interior of Leyte Island (Figs. 4, 5) . Irrespective of the coastal configuration, whether in exposed open sea (e.g., Hernani) or in a sheltered embayment (e.g., San Pedro Bay), the typhoon forward motion resulted in significantly different peak flooding duration between the two storm surge events. The slower forward motion of Ty 1897 resulted in longer peak floods lasting for about 3 h. In contrast, the much-faster-moving Typhoon Haiyan resulted in rapid high velocity peak floods spanning about 30 min to nearly 1 h. The higher and more extensive peak surge around San Pedro Bay during Typhoon Haiyan compared to Ty 1897 (Fig. 6 ) could be due to the latitudinal shift of the typhoon tracks, differences in the intensity and forward motion of these two typhoons, or a combination of these factors. The northerly track of Ty 1897 made Tanauan the landfall location, reducing the surge near Palo and Tanauan; this is true especially given the relative absence of strong onshore winds when compared to Typhoon Haiyan. Meanwhile, the relatively more intense and larger Typhoon Haiyan generated stronger onshore winds on the northern and western shores of San Pedro Bay. The stronger onshore winds in turn induced surge heights almost twice those of Ty 1897, thereby extending over a wider region (Fig. 6) .
Apart from typhoon intensity, the storm size was recognized as an additional important factor in generating high storm surges and extensive inundation during Hurricane Katrina (Irish et al. 2008) . Given the geometry of San Pedro Bay, however, the storm size might not be an equally significant factor in generating high storm surges in the case of Typhoon Haiyan. The distance from the Typhoon Haiyan track to the head of San Pedro Bay is ~40 km, which is well within the zone of maximum winds. Although when considering the more southerly track of Typhoon Haiyan, the storm size likely contributed to the extreme surge heights along the more exposed coasts of eastern Samar such as at Hernani. Figure 8 shows the damage from Typhoon Haiyan surrounding San Pedro Bay. In the northern part of Tacloban, including the downtown area, the landward limit of inundation during Typhoon Haiyan exceeded 500 m (Tajima et al. 2014) . Along low-lying, swampy areas south of downtown Tacloban, and similarly at Tanauan, inundation extended more than 2-km inland. Overland flooding reached over 2 km, but the primary areas of damage were concentrated within 200 m of the coast, highlighting that the destructive power of storm waves riding on top of the storm surge has a limited inland penetration [Federal Emergency Management Agency (FEMA 2011) . Very few structures withstood the energy of the storm surge and superimposed storm waves (Figs. 8b,c,d ,f). In areas above the surge heights, extreme typhoon winds caused greater damage, destroying roofs and wide swaths of coconut trees (Fig. 8e) . Therefore, the combined hazards from storm surge flooding, extreme winds, and the prevailing vulnerabilities must be considered when developing appropriate evacuation strategies.
Multihazard evacuation strategies.
Typhoon warning and response. The Philippine government issued typhoon forecasts and warnings for evacuations at least 18 h before Typhoon Haiyan's landfall to achieve minimum and possibly zero casualties from the imminently approaching cyclonic storm threat (Ranada 2013; NDRRMC 2013c; IRIDeS 2014) . Preliminary social surveys suggest that local residents had a mixed response to the typhoon warnings emerging from complex social concerns (IRIDeS 2014; Leelawat et al. 2014) . These studies highlight that communication pathways, warning systems, evacuation plans, and multilevel hazard and disaster perception were significant concerns for evacuation decisions among individuals in the areas severely impacted by Typhoon Haiyan. These findings underscore the need for the authorities responsible for disseminating weather warnings to better understand how typhoon warnings are transmitted from an initial source through intermediate relays to the final recipients, as well as how the potentially vulnerable that many people along the Gulf and Atlantic coasts in the United States have incorrectly believed that they have been through major c yclonic events, although Baker (1991) recognized that defining and measuring hurricane experience is a difficult task. Of particular relevance to the Philippines, several residents on Leyte and Samar Islands admitted that their experience of past typhoons misled them to believe that an evacuation lead time of minutes would be sufficient. This raises a long-lasting question: How does the experience of smaller, relatively less impactful events shape the response of the community to larger, unprecedented events or those with return periods outside the living memory of residents?
On a broader note, although stronger prehistoric events (Donnelly et al. 2006; Nott 2007) remain to be explored, and as long as other historical events remain unverified, the Ty 1897 and Typhoon Haiyan storm surges may serve as worst-case scenarios for this region. These rare but disastrous events should be carefully evaluated toward enhancing community-based disaster risk awareness, planning, and response. 3 The Water Code of the Philippines (Presidential Decree 1067) designates an easement of 40 m from seashore. This is supposed to be a "no build zone" area.
residents receive, heed, interpret, and decide to act upon these warnings. Given the historical perspective of storm surge hazards discussed in this paper, social scientists and historians may be able to improve local historical awareness about previous typhoon experiences to aid in hazard perception and response. Historical records show that several tropical cyclones have made landfall in the area surrounding Leyte Gulf ( Fig. 9 ; Tables 3 and 4). According to an unpublished data of PAGASA4, nine of the tropical cyclones have generated storm surges (Table 3) . Among these storms, residents identify the November 1984 Typhoon Agnes and the associated coastal flooding of more than 2-m deep in Samar and Leyte as the worst in living memory (e.g., Amadore 2013). Leik et al. (1981) 
noted

C O N C L U S I O N S .
Historical records reveal a predecessor to Typhoon H a i y a n o c c u r r e d o n 12 October 1897. This typhoon, referred to here as Ty 1897, took a similar path of destruction through the eastern central Philippines. Ty 1897 and Haiyan had almost identical typhoon tracks, but Typhoon Haiyan was more intense, had larger maximum wind coverage, and moved faster than Ty 1897. Our combined field observations, eyewitness accounts, and computer simulations consistently indicate t hat Ty phoon Haiyan's storm surge was about twice the height of the 1897 event in San Pedro Bay, but the two storm surges had similar heights on the open Pacific coast such as at Hernani. While stronger prehistoric events remain unexplored, Ty 1897 and Typhoon Haiyan storm surges may serve as extreme scenarios for this region in terms of disaster risk awareness, planning, and response.
